Introduction
S tem cell migration, proliferation, and differentiation are required for tissue and organ regeneration. The factors that induce or facilitate these events are largely unknown, but changes in the microenvironment associated with tissue and organ injury would logically play important roles. 28 Stem cells have been shown to migrate in vivo to sites of injury, 1, 2 and wounding has been shown to be required for both de novo hair follicle regeneration in adult mouse skin 3 and for limb regeneration in the salamander. 4 Two prominent factors in the microenvironment of injured tissue are decreased oxygen concentration and the degradation of the extracellular matrix (ECM). The degradation products of biologic scaffolds composed of ECM can recruit multipotent cells to the site of tissue injury in a mouse model of digit amputation, 5 and the in vivo ECM degradation and remodeling process result in the formation of molecules with potent in vitro chemotactic properties for selected stem cells. [6] [7] [8] In part, these properties are believed to be due to the release of matricryptic peptides derived from the ECM itself. [9] [10] [11] Oxygen concentration also affects the survival, proliferation, and trafficking of stem cells [12] [13] [14] [15] [16] [17] with the general view that low-oxygen conditions increase the proliferation of stem cells and aid in their survival.
A regenerative medicine approach for the replacement of tissues and organs frequently requires the isolation of stem cells from a patient and their subsequent culture in vitro on a scaffold. There is a concern, however, about the ability of the cells to survive the transfer from the laboratory to the patient, with as many as 99% of transferred cells dying within the first 4 days. 18 An alternative method for placement of stem cells to the required site for tissue and organ regeneration is the recruitment of endogenous stem cells from either the circulation or local tissue reservoirs. A population of human perivascular stem cells has been recently described 19 that have been postulated to be the precursors of mesenchymal stem cells (MSCs). This population of cells may be of particular importance to tissue regeneration and the constructive and functional remodeling of injured tissue because of their wide anatomic distribution.
The objectives of the present study were to determine the response of these perivascular stem cells to the degradation products of ECM and the influence of a low-oxygen environment. The ability of these cells to maintain their multipotential differentiation state after proliferation in a low-oxygen environment and the potential role of reactive oxygen species in this process were also evaluated.
Materials and Methods

Source of cells and culture conditions
Perivascular stem cells that had been isolated by flow cytometry from fetal muscle [19] [20] [21] were used in all experiments. These cells have been previously shown to represent a homogeneous population of perivascular cells obtained after positive selection and stringent exclusion of hematopoietic, endothelial, and myogenic cells, and be able to differentiate into mesodermal lineages. Isolated cells were cultured in highglucose Dulbecco's modified Eagle's medium (Invitrogen) containing 20% fetal bovine serum (FBS; Thermo), 100 U/mL penicillin, and 100 mg/mL streptomycin (Sigma) at 378C in 5% CO 2 . Oxygen levels were maintained at 21% in a Hera Cell 150 incubator or at 6% in Hera Cell 150 containing a sealed, gasregulated chamber (Biospherix). Oxygen levels in the body ranging from 3% to 12% have been reported, with considerable local variation. 22 Six percent oxygen has been previously used as a level representing a decreased oxygen level. 23 Manipulation of cells at 6% oxygen was performed in a gasregulated glovebox. Cells were grown for at least two passages at their respective oxygen concentration before being used in each assay.
Preparation of ECM degradation products
ECM was harvested from porcine urinary bladder matrix (UBM) as previously described. 24 The basement membrane and tunica propria of the bladder were isolated from the overlying urothelial cells and all subjacent connective tissue, including muscle. The remaining tissue was then decellularized with 0.1% peracetic acid/4% ethanol. The resulting ECM was referred to as UBM. Decellularized material was defined as material having no visible nuclei under neither hematoxylin and eosin nor 4 0 ,6-diamidino-2-phenylindole staining, <50 ng DNA/mg dry weight material, and any residual DNA being smaller than 200 bp. UBM was digested at 10 mg/mL dry weight with 1 mg/mL pepsin (Sigma) in 0.01N HCl for 48 h at 208C before dialysis at 48C into phosphate-buffered saline (PBS). Protein concentration was quantified using the BCA protein assay (Thermo) against bovine serum albumin. The resultant material was referred to as UBM degradation products.
Cell proliferation assay
Perivascular stem cells were inoculated at a concentration of 1Â10 4 cells per well in standard 12-well plate (well area 3.8 cm 2 ) at 6% or 21% oxygen. Cell growth was monitored every 24 h using a Coulter Particle Counter (Beckman). Cell proliferation was also monitored via immunohistochemical methods using the thymidine analog 5-bromo-2 0 -deoxyuridine (BrdU) ELISA (Roche). BrdU incorporation was detected using the supplied anti-BrdU antibody. Cells were plated at 5Â10 4 cells per well in a standard 96-well plate with 0, 2, 5, or 15 mg/mL UBM digest material and labeled with BrdU for 18 h. Relative proliferation was quantified at 370 and 492 nm in a plate reader (Molecular Devices). Each assay was performed in triplicate on three separate occasions. Statistical significance was evaluated by the Student's t-test and a p-value of 0.05 was considered significant.
Metabolic activity assay
Cells were plated to a density of 1Â10 5 cells/well in a standard 96-well plate (well area 0.32 cm 2 ) in the medium containing 10% alamarBlue and 0, 10, 25, 50, or 100 mg/mL UBM degradation products at either 6% or 21% oxygen concentration. Metabolic activity was quantified using alamar-Blue (Biotium). AlamarBlue is a nontoxic, cell-permeable compound. Upon entering cells, the active ingredient resazurin is reduced to resorufin. The amount of absorbance change corresponds to the cells metabolic activity. 25 Cells were exposed to AlamarBlue over a period of 6 h and quantified at 600 nm. Each assay was performed in triplicate on three separate occasions. Statistical significance of the results was evaluated by the Student's t-test and a p-value of 0.05 was considered significant.
Quantification of superoxide dismutase
Perivascular stem cells at 2.5Â10 5 cells/well in a standard 96-well plate were exposed to 0 or 20 mg/mL UBM degradation products at either 6% or 21% oxygen concentration for 6 h. Cells were then lysed in buffer (10 mM Tris pH 7.5, 150 mM NaCl, 0.1 mM EDTA, and 0.5% triton), and the amount of superoxide dismutase present per cell was analyzed using the Oxiselect activity assay (Cell Biolabs, Inc.) or via native gel (11% gel) fractionation of protein extract from 4Â10 4 cells followed by nitro blue tetrazolium and riboflavin detection. 26 Each assay was performed in triplicate on three separate occasions.
Reactive oxygen species analysis
Cells grown in either oxygen concentration were loaded with 2 0 -7 0 -dichlorofluorescine diacetate (Invitrogen) at 10 mM in PBS for 30 min. Loaded cells were centrifuged (5 min, 300g), resuspended in media, and aliquoted at a concentration of 5Â10 4 cells/well in a standard 96-well plate into 0 or 20 mg/ mL UBM degradation products. Fluorescence intensity was quantified at excitation wavelength (Ex) 485 nm and emission wavelength (Em) 538 nm at 5 min intervals. The assay was repeated on three separate occasions.
Chemotaxis assay
Chemotactic assays were performed in chemotaxis chambers using 8 mm filters (Neuro Probe Inc.) as described previously. 8 Cells at 6% or 21% oxygen concentration were grown to *80% confluence before being incubated overnight in Dulbecco's modified Eagle's medium containing 0.5% FBS. Trypsinized cells were resuspended and the effect of 0, 25, 50, 100, and 250 mg/mL UBM degradation products on the chemotaxis of 3Â10 4 cells was determined. Each chamber was incubated at the corresponding oxygen concentration for 3 h. Migrated cells were stained by 4 0 ,6diamidino-2-phenylindole and quantified with ImageJ (NIH). All of the data are means of quadruplicate determinations with standard deviation. Each assay was performed in quadruplicate on three separate occasions. Migration of cells in UBM was compared to cells in UBM-free media at the same oxygen concentration. Statistical analysis was performed using the Student's t-test where *p < 0.05.
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Adipogenesis, osteogenesis, and chondrogenesis
Perivascular stem cells that had been passaged the same number of times at their respective oxygen concentration were differentiated toward fat, bone, or cartilage using commercial differentiation media (Thermo). For adipogenic and osteogenic differentiation, the cells were plated at 10 5 cells per well in a standard 12-well plate and incubated at either 6% or 21% oxygen concentration in the differentiation medium for 21 days. Adipogenic differentiation was determined by incubating fixed cells in oil red O (Sigma) for 10 min to detect lipids. Osteogenic differentiation was determined by fixing cells in 4% formaldehyde before observation of calcium deposits by incubation with alizarin red (Sigma). For chondrogenic differentiation, a pellet culture assay was performed by centrifuging 3Â10 5 cells at 300g for 5 min. The supernatant was then discarded and the pellet was cultured in the chodrogenic differentiation medium for 3 weeks at the respective oxygen concentration. Chondrogenic differentiation was determined by the fixation of the cell pellet in 10% formalin, before embedding in paraffin and sectioning. Sulfated glycosaminoglycan presence and cell nuclear morphology were examined on hydrated sections with alcian blue and nuclear fast red (both Sigma), respectively.
Flow cytometry
The presence of MSC markers after culture in 6% or 21% oxygen was determined using monoclonal antibodies CD105-PE (1:50), CD90-APC (1:50), and CD44-PECy5 (1:100) (all Invitrogen) and CD73-PE (1:50; BD). About 2Â10 5 cells were stained with the specific combination of antibodies. The same amount of cells was used for the analysis of the unstained controls. Unstained cells and isotype control antibodies were used as negative controls. Cells were incubated at 48C for 20 min and then washed in PBS, resuspended in 20% FBS medium, and analyzed with a FACS-Calibur flow cytometer (Becton Dickinson).
Immunoblots
Perivascular stem cells grown at 6% or 21% oxygen were seeded at 1.75Â10 5 cells per well in a standard 12-well plate. After 6 h, the medium was removed, and a fresh medium containing 0, 50, or 100 mg/mL UBM degradation products was added for 16 h before cell lysis in radio-immuno precipitation assay (RIPA) buffer (Cell Signal Technology) containing a dissolved complete mini protease inhibitor cocktail tablet (Roche). Protein samples were resolved on a 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel before being transferred to a polyvinylidene fluoride membrane (Millipore). 27 The membrane was blocked in 5% milk before being exposed to 1:1000 anti-bactin mouse monoclonal antibody (Santa Cruz Biotechnology) and polyclonal goat anti-mouse secondary antibody (Dako), or 1:500 anti-p-ERK1/2 rabbit (Santa Cruz Biotechnology) or 1:1000 anti-ERK1/2 rabbit (Assay Designs) primary antibodies and 1:5000 goat anti-rabbit secondary antibody (Dako). The immunoblot was observed using SuperSignal West Pico Chemiluminescent Substrate (Thermo). The amount of protein loaded per well was normalized based on b-actin expression. Immunoblots were repeated with three separate isolates.
Results
Perivascular stem cells show increased proliferation after exposure to 6% oxygen and UBM degradation products. To determine the effect of oxygen concentration on the growth rate of perivascular stem cells, cells were plated at either reduced oxygen (*6%) or under the oxygen concentration normally used in tissue culture (*21%). Cell growth was monitored via total cell counts every 24 h for 7 days (Fig. 1) . Cells cultured at 21% oxygen concentration tripled in number over the 7 day time period. Cells cultured at 6% oxygen concentration increased 24-fold over the same time period. Cells cultured at the 21% oxygen concentration reached a maximum of 0.26 doublings per 24 h period, whereas cells cultured at 6% oxygen concentration reached a maximum of 1.1 doublings per 24 h period ( Fig. 1 inset) . At the 6% oxygen culture condition, cell populations usually showed >0.5 doublings per 24 h period, confirming the sustained increase in cell proliferation at this oxygen concentration.
The effect of oxygen concentration on the proliferation of perivascular stem cells was also evaluated by the incorporation of the pyrimidine analog BrdU into newly synthesized DNA. Cells were cultured at 6% or 21% oxygen for 18 h and the incorporation of BrdU was determined by colorimetric immunoassay (Fig. 2a ). Cells cultured in 6% oxygen synthesized seven times more DNA than cells cultured in 21% oxygen during 18 h, confirming the increased proliferation of the cells cultured in the lower oxygen concentration. To determine the effect of the ECM degradation products upon the stem cells, UBM degradation products were incubated with the cells and DNA synthesis determined. In both oxygen conditions DNA synthesis was significantly increased by the presence of the UBM degradation products digest material. The increase in proliferation observed in the 6% oxygencultured cells after the addition of the UBM degradation products was greater than the total proliferation observed in the cells cultured in 21% oxygen condition during the same time period.
The increase in cell growth observed by culturing the perivascular stem cells in 6%, as opposed to 21%, oxygen raises the possibility that low-oxygen culture increases the metabolic rate of the stem cells. Metabolic activity was determined by culturing the cells at 6% or 21% oxygen and determined using the alamarBlue assay (Fig. 2b) . Cells were exposed to alamarBlue at either 6% or 21% oxygen concentration and the metabolic rate monitored for 6 h. As expected, 6% oxygen culture resulted in an increased metabolic rate compared with cells cultured in 21% oxygen conditions. The addition of UBM degradation products caused a significant further increase in the metabolic rate in both oxygen condi-tions. The cells cultured at 6% oxygen showed a significantly increased metabolism with the addition of 10 mg/mL UBM degradation products. Cells cultured in 21% oxygen required 50 mg/mL UBM degradation products before a significant increase of metabolic activity was observed.
Increased reactive oxygen species in perivascular stem cells at 6% oxygen concentration
A possible explanation for the altered growth rates observed under different oxygen concentrations is that cells cultured in 21% oxygen suffer greater oxidative damage. To test this possibility, oxidative stress was analyzed in cells cultured at 6% or 21% oxygen using the cell-permeable indicator dichlorofluorescine diacetate. Using this probe it was possible to determine whether cells cultured in 6% oxygen concentration have greater amounts of intracellular reactive oxygen species than cells cultured in 21% oxygen (Fig. 3a) . In addition, cells grown at either oxygen concentration and exposed to UBM degradation products have further increased amounts of reactive oxygen species.
If perivascular stem cells cultured in 6% oxygen have higher levels of reactive oxidative species than cells cultured at 21% oxygen concentration, it would be expected that 6% oxygen-cultured cells have greater levels of superoxide dismutase activity. The amount of superoxide dismutase present per cell of cultures grown under the two different oxygen conditions was therefore determined. The level of superoxide dismutase doubled at 6% oxygen concentration ( Fig. 3b and Supplemental Fig. S1 , available online at www.liebertonline .com/ten) compared with 21% oxygen. The addition of UBM degradation products to the stem cells caused a modest reproducible increase in the average amount of superoxide dismutase present per cell. Cells grown in 6% (filled columns) or 21% (open columns) oxygen were exposed to 0 or 20 mg/mL UBM digest material for 6 h before quantification of cellular superoxide dismutase activity against a superoxide dismutase standard curve.
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Perivascular stem cells maintain MSC features at 6% oxygen concentration
It has been previously shown that perivascular stem cells display features typical of MSCs. 19 We investigated whether the exposure of perivascular stem cells to a 6% oxygen concentration affects cells' expression of MSC surface markers and their capacity to differentiate into multiple lineages. Expression of the hallmark surface markers CD44, CD90, CD105, and CD73 was analyzed via flow cytometry on cells cultured at 6% or 21% oxygen. Cells cultured in 21% oxygen showed all tested MSC markers (>90%) and no difference in surface marker expression was observed in perivascular stem cells cultured in 6% oxygen concentration (Fig. 4a) . We evaluated the maintained ability of the perivascular stem cells to differentiate into mesodermal lineages after culture at 6% or 21% oxygen concentration. We found that the cells can be differentiated into adipogenic, osteogenic, and chondrogenic phenotypes (Fig. 4b) . These results show that perivascular stem cells retain their MSC characteristics after exposure to either 6% or 21% oxygen concentration.
Increased activation of the ERK signaling pathway
Cell proliferation is regulated in part via the ERK pathway. 30 Since growth in either or both 6% oxygen and UBM digest material causes an increase in perivascular stem cell proliferation, we investigated whether these same stimuli cause an increase in ERK phosphorylation. Immunoblots were performed using protein extracted from cells after 16 h of exposure to increasing concentrations of UBM degradation products at either oxygen concentration (Fig. 5) .
The immunoblot showed a clear increase in the phosphorylation of ERK upon exposure to 6% oxygen concentration. Exposure to UBM degradation products caused a further increase in ERK phosphorylation at both oxygen concentrations ( Fig. 5 and overexposed Supplemental Fig. S2 , available online at www.liebertonline.com/ten). The bands for total ERK1/2 show similar intensity across treatments, suggesting that ERK protein abundance does not change due to oxygen concentration or exposure to UBM degradation products.
Low-oxygen exposure results in greater migration of perivascular stem cells It has been noted previously that UBM degradation products are chemotactic for perivascular stem cells. 19 With low-oxygen culture conditions increasing the metabolic rate of the stem cells, it is possible that these low-oxygen-cultured cells have increased migratory ability compared with cells cultured at 21% oxygen. To test this hypothesis, cells cultured at 6% or 21% oxygen were evaluated for their migratory capacity using a chemotaxis chamber. After 3 h of incubation, greater cell migration toward the UBM degradation products was observed in the 6% oxygen condition compared with migration at 21% oxygen (Fig. 6 ). Most concentrations of UBM degradation products tested resulted in double the number of cells migrating at 6% oxygen compared with 21% oxygen. The number of cells migrating without added UBM degradation products was also increased under 6% oxygen conditions compared with cells migrating under 21% oxygen conditions showing the general improvement of migratory capacity by the low-oxygencultured cells.
FIG. 4.
Cells cultured in 6% oxygen maintain mesenchymal stem cell markers and mutilineage potential. (A) Cells cultured at 21% (left panels) or 6% oxygen (right panels) were analyzed for mesenchymal stem cell markers CD105 coexpressed with CD44 (top) and CD90 coexpressed with CD 73 (bottom). (B) Perivascular stem cells were cultured in 6% (left) or 21% (right) oxygen and tested for the ability to differentiate. Cells were maintained in adipogenic medium, fixed, and stained for lipids with oil red O (Top). Stem cells were centrifuged into a pellet and cultured in the chondrogenic medium containing TGF-b1. Pellets were then sectioned, and stained with Alcian blue and nuclear fast red for detection of sulfated glycosaminoglycans and nuclei, respectively (middle). Cells cultivated in the osteogenic medium were stained with alizarin red at pH 4.2, staining calcium deposits red (bottom). The high degree of differentiation is shown by the almost solid blue (sulfated glycosaminoglycans, middle image) and solid red (calcium, bottom image) observed. Images at 40Â.
Discussion
Stem and progenitor cells play an important role in most tissue engineering and regenerative medicine strategies for restoration of functional tissues and organs, including the use of biologic scaffold materials. 5, 7, 8, 19, 31 The mechanisms by which endogenous stem and progenitor cells are recruited to sites of need and then proliferate and differentiate in situ are poorly understood. The present study investigated the effect of two independent factors upon the proliferation, migration, and metabolic activity of a defined perivascular stem cell population. Specifically, the results of this study show that increased migration and proliferation of perivascular stem cells occur in vitro upon exposure to degradation products of ECM, and that these properties are further enhanced under low-oxygen conditions. Low-oxygen conditions and ECM degradation products also cause an increased production of markers of reactive oxygen species within the cells and the phosphorylation of the signaling molecule ERK. Alterations in the oxygen environment did not cause the cells to change either their surface markers or their ability to differentiate into different tissue types. These findings have important implications for the recruitment of stem cells for functional tissue and organ replacement before stem cell differentiation. The effects of oxygen concentration and ECM degradation products upon the perivascular stem cells appear to be additive.
The findings of the present study are not surprising if considered in the context of an evolutionarily preferred and developed mammalian response to tissue injury. Immediately after injury, local tissue hypoxia as a result of compromised circulation and the presence of matrix metalloproteinases and other proteases as a component of the acute inflammatory response would define at least a part of the microenvironmental niche. ECM is a reservoir of not only latent and active growth factors, cytokines, chemokines, and structural proteins, but also a source of matricryptic peptides that can modulate a variety of biologic events, including the recruitment of stem cells. 8, 31 Such matrikines are generated as a result of ECM degradation and remodeling. These tissue injury conditions define some of the signals that mobilize endogenous reserve cell populations for the purpose of replacing injured tissue.
The present study confirms the mitogenic response of a specific stem cell population to the presence of ECM degradation products and low-oxygen concentration. The oxygen concentration in which cells naturally reside within the body varies widely depending upon tissue type. Oxygen concentration in most tissues ranges from 2% to 9% (14-64 mmHg), 17 far below the 21%, which is present in normal atmospheric conditions and the oxygen concentration at which most cell cultures are maintained. The ability of oxygen tension to regulate stem/progenitor cell proliferation and differentiation was first noted with cytotrophoblasts. 32 Cytotrophoblast cells were cultured under low-oxygen conditions (2%), which allowed cell proliferation but inhibited differentiation. In contrast, 21% oxygen inhibited proliferation but allowed normal differentiation of the cytotrophoblasts. The mechanisms by which stem/progenitor cells respond to oxygen concentration is believed to involve the hypoxia inducible factor induction of stromal-derived factor-1. 12 Stromal-derived factor-1 is known to be expressed in injured tissue and to induce homing of stem cells. 33 The specific molecules within the UBM degradation products that are responsible for the effects reported herein are unknown. ECM facilitates constructive remodeling in a variety of tissues, 29, [34] [35] [36] [37] [38] [39] and endogenous progenitor/stem cells participate in this process. 6, 40 Bioactive degradation products of ECM promote the migration of a variety of cell types, including terminal Schwann cells, 41 endothelial cells, 42 and the perivascular stem cell population used in this present study. 19 Different effects of the UBM digest material have been observed for different cell types. 8, 42 Fractionation of 
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hydrolyzed ECM revealed molecules in the range of 5-16 kDa that were chemoattractive in vitro for endothelial cells and promoted vascularization in vivo. 42 The increased migration of progenitor cells toward an ECM scaffold compared with toward an autologous tissue scaffold in a tendon repair model implies that degradation products of ECM may be favorable for the processes of tissue remodeling. 7 It should be noted that the ECM material was digested with the proteinase pepsin in the present study. Future experiments will evaluate the effects of ECM digestion products that result from more physiological methods, such as exposure to matrix metalloproteinases, upon the perivascular stem cells. The effect of such degradation products on additional stem cell lines also warrants investigation. Also worthy of future investigation is the possibility that oxygen concentration may alter the rate or degree of differentiation of these cells.
The present study showed the paradoxical increase of reactive oxygen species in the presence of low-oxygen concentration. The increased cell proliferation under low-oxygen conditions demonstrated in this study may result in increased metabolic end products, including reactive oxygen species. In addition, it has been suggested that reactive oxygen species themselves may play a part in activating cell cycle progression. 43 Oxidative stress has been linked to the increased phosphorylation of critical cell signaling pathways, for example, via the reversible inactivation of cellular tyrosine phosphatases leading to increased amounts of phosphorylated ERK1/2. 44, 45 The phenotypic markers of the perivascular stem cell population remained unchanged after exposure to the low-oxygen concentration. The rapid expansion of the stem cell population while maintaining their undifferentiated multipotent state has important implications for both in vitro cell expansion and for in vivo accumulation of such cells at the site of injury. These findings suggest an important role for ECM and oxygen concentration in the tissue response to injury and in the potential role for biologic scaffolds composed of ECM in regenerative medicine strategies for tissue and organ reconstruction. 
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